Introduction
Laboratories are an essential part of the educational experience for engineering students.
Engineering laboratories are places where students can build, experiment, test, and observe scientific phenomena. Students are able to witness scientific theories come to life; often helping them gain a deeper understanding of the material they are studying [1] . Engineering is a highly practical discipline, thus it is critical that engineering students receive significant experience to be successful in their careers.
The importance of effective laboratory instruction has generally been recognized by the academic community and several notable papers have been published. Feisel and Rosa detailed how the role of engineering instructional laboratories has evolved over history and described some of the challenges facing instructional laboratories as technology has advanced [2, 3] . They also presented thirteen fundamental objectives that can be used for the improvement and assessment of laboratory effectiveness and also as guidelines for meaningful research on the topic. Furthermore, the Accreditation Board for Engineering and Technology (ABET) has positively impacted instructional laboratories by defining objectives and expected student outcomes that universities must adhere to in order to receive accreditation [4] . Many of these outcomes can only be achieved in an effective and stimulating laboratory environment, thus instructors must always be improving instructional methods to meet accreditation standards.
While the importance of an effective laboratory experience has been acknowledged by many in the academic community, it has frequently been an under researched topic. Wankat indicated that from 1998 to 2002 only 5.2% of all published articles in the Journal of Engineering Education used laboratory as a keyword [5] . Much of the concentration has been placed on teaching methods and curricula; therefore, interest in laboratory research has become stagnate as a result.
While the authors realize the importance of objectives and assessments to evaluate the effectiveness of instructional laboratories [6] , this paper is primarily concerned with the relative advantages and disadvantages of different laboratory methods that can be used to achieve such objectives. Currently, instructors are employing multiple laboratory methods to integrate hands on learning into engineering courses. One of the methods commonly used involves preparing a lab manual, also known as a "cookbook", which includes step-by-step instructions for students to follow. The cookbook method reduces the time required to perform an experiment and is typically less demanding. As a result, students are able to perform more experiments over the course of a semester. On the other hand, the cookbook method lacks self-directed learning opportunities as the problems students face in this method are not open-ended.
A more stimulating option often preferred by instructors is the design-based approach.
This approach involves providing students only a set of specifications that their design must meet. This method requires students to create their own lab instruction, work independently, and draw their own conclusions. Through this method students are presented with challenges and are forced to use ingenuity and creativity to arrive at a solution -often leading to a better selfdirected learning experience. Due to the difficulty and time required by design-based projects, the number of projects that can be completed in a fifteen-week semester is limited.
An even more involved option, often used by instructors for capstone design projects [7] , is the proposal-based method. This method allows students to define a project or problem that interests them, develop methods to arrive at a solution, and compose evidence-based conclusions. Proposal-based projects are often the most memorable for the student because they require the highest involvement; however, they are often dependent on the student's motivation and interest level in which sometimes can be difficult to complete within the time constraints of a semester.
The Electrical Engineering department of the authors' respective university uses a distributed design approach where design projects are integrated virtually in every course.
Typically a course will have anywhere from 3 to 7 lab projects throughout the semester. In Analog Electronics classes, labs are mainly design-based and students are responsible for designing, fabricating, and proving that their design meets provided specifications. Many electrical engineering classes also have a final project that is proposal-based. In classes where materials are limited or safety is a concern, lab experiments are cookbook-based and students are responsible for following instructions and describing phenomena observed. To determine the best method, or combination of methods, the effectiveness of each method was tested using two sections of an Analog Electronics course as means for data gathering. Students enrolled in this class were exposed to each type of laboratory approach through various laboratory projects assigned throughout the semester. At the end of the semester a survey was administered and the students' opinion regarding each method was collected and analyzed.
Methods

Course and Lab Project Description
Analog Electronics (EE302) is a course required by Electrical Engineering students at the authors' respective university and is typically taken by students during their junior or senior year.
This class is four credits, comprised of three hours of lecture, one hour of discussion and two hours of laboratory instruction per week. The laboratory segment of this class gives students the opportunity to practice theory and learn the operation of commonly used analog devices such as operational amplifiers, diodes, and transistors. Some of the major topics discussed in this class include: diode rectification circuits, transistors, linear amplifiers, etc.
The laboratory segment is typically comprised of five lab projects that are issued throughout the fifteen-week semester. Students are required to complete each project within a three-week time span with deadlines occurring at the end of each week. During the first week, students are required to complete hand calculations and computer based circuit simulations. The second week is dedicated to fabrication and testing of the design, with an instructor evaluation of design performance occurring by the end of the week. Students are then given a third week to write a report discussing the results of the project. Each project description is provided well in advance to the first deadline to ensure students have enough time to become familiar with the project and each project is introduced a week after the related theory is covered in lecture.
For the purpose of this study, five laboratory projects were assigned in fall 2015 with the fourth project being comprised of two parts. The first three projects were design-based, the fifth project was proposal-based, and the fourth project consisted of a design-based part (4A) and a cookbook-based part (4B). This was done to expose students to the three instructional methods discussed in this paper. For the design-based projects students were provided a project description in which the student's university identification number was used to uniquely vary the specifications. An example of design-based project description is shown in Table 1 . For design-based projects, students were only provided specifications and it was their sole responsibility to complete the design by the due date. Students were graded on the performance of their design using the aforementioned specifications as metrics. The final project was proposal-based and students had the opportunity to research topics covered throughout the semester and define a design that interested them. Students were asked to focus on major topics covered over the course of the semester. They also had to submit a project proposal including a description of the project, specifications, and methods to measure the performance of their design. Proposals were reviewed by the instructor and were either accepted, amended, or rejected. After their proposal had been accepted, students were required to simulate, design, fabricate, and prove the effectiveness and performance of their design. Some of the common proposals included: switching power supplies, audio amplifiers, safety circuits, multi-stage amplifiers, and motor controllers. For many the final project encompassed multiple topics covered throughout the semester and required them to synthesize different pieces of knowledge acquired in the course. Students were also asked to complete a cookbook-based project as an additional part of the fourth lab project. For this segment students were provided a circuit schematic and asked to fabricate, take measurements, and draw conclusions. The cookbookbased lab required no design or simulation.
Survey Instrument and Respondents
An electronic survey was created using the online survey development site, SurveyMonkey.com, then administered to all students enrolled in the Analog Electronics course in fall 2015 after they had been exposed to each laboratory method. The survey instrument was kept direct, brief and was designed so that it could be completed in less than fifteen minutes since no effort was made to select potentially cooperative respondents and no compensation was provided for participation in the survey. The survey included ten questions consisting of a combination of Likert scale and open-ended formats that could be easily summarized statistically without being overly constrained. Some questions allowed multiple selections while others were limited to one selection. The survey also included questions in which respondents were able to rank the lab methods and many questions allowed the opportunity for respondents to provide additional comments. Forty of the fifty-two students enrolled in the two sections of Analog Electronics responded to the survey and their responses were collected anonymously and electronically using SurveyMonkey.com. The survey questions are shown in Table 2 and comments collected by the respondents are shown in Appendix A. 
Results
Were the students interested in the course? According to the survey results (shown in Figure 1 ), the majority of students were somewhat to very interested in the course. Analog
Electronics is a course required by the electrical engineering department and is a prerequisite for numerous senior-level design courses. As such, students understand that learning the concepts covered in Analog Electronics is critical to their education and career. Considering the survey results shown in Figure 1 and selected comments shown in Appendix A, it was determined that the majority of students took the survey seriously.
Figure 1. Students' interest in Analog Electronics versus percent of respondents
What method was preferred and what method would students recommend to a friend?
Based on the survey results (Figure 2 ), 47 percent of the students preferred the design-based method, 35 percent preferred the proposal-based method, and 17 percent preferred the cookbook method. The students were also asked what method they considered to be the most challenging and the results are shown in Figure 3 . Interestingly, despite being the easiest method, the cookbook-method was significantly less preferred indicating that students prefer to be challenged. The results confirm that even though the design-based and proposal-based methods are more challenging, they are preferred. Which method helped students become better self-directed learners? According to the survey results, more than 85 percent of students selected the proposal-based method as the best at improving their self-directed learning. One of the student outcomes that the ABET expects a graduate to acquire is "a recognition of the need for, and an ability to engage in life-long learning" [4] . This recognition cannot occur unless students are given the opportunity to become self-directed learners. While proposal-based projects are both challenging and time consuming for the instructor and students, their ability to stimulate life-long learning renders them essential to a well-balanced laboratory experience. 
Hours
What method best contributed to the students understanding of the course material and their ability to retain the most knowledge? Understanding and retaining knowledge are directly related; students remember concepts longer when they understand them deeper. As indicated by the survey results (Figures 6 and 7 ), students were able to understand the material better and retain more knowledge through the design-based and proposal-based projects. Both these projects required more time and effort to learn the concepts needed to arrive at a solution; therefore, the students were able to retain more knowledge completing these projects than they did completing the easier cookbook project. proposal-based project offered the most benefit to their future while the cookbook project offered little to no benefit to their future careers. While more than thirty percent of students stated that the design-based method will help them transition into the workforce, seventy percent believed that the proposal-based method will help facilitate their transition to industry and strongly influence their future careers. Students also specify that proposal-based project was the most interesting one among others ( Figure 9 ). 
Conclusion
Both past research and the results of this experiment show that cookbook labs lack the ability to provide students a self-directed learning experience [8, 9] . The simplicity of the cookbook method prevents students from being able to think critically and turn observations into knowledge.
Step-by-step instructions provided in a cookbook lab are structured so students can complete a lab in a timely manner without encountering any problems. Subsequently, students
are not sufficiently challenged and are isolated from problem-solving opportunities that improve self-directed learning. Despite these disadvantages, the cookbook method is still widely used by instructors as the sole method of laboratory instruction in their classes. While this method does have many disadvantages, and should not be used as the sole method of laboratory instruction, there are instances in which it can be useful. Because of their straightforwardness, cookbook projects can be used when students have not yet learned enough material, or when there is not enough time to complete a design or proposal based project. These projects are not only less time consuming for the students but also for the instructors. Cookbook projects are also useful when safety is a concern, when equipment can be damaged, or when students cannot provide their own materials.
While the design-based method offers many advantages, which the cookbook method does not, it is also not recommended as the sole method of laboratory instruction. The designbased method was created to improve self-directed learning in the laboratory as this type of learning often yields greater retention and deeper understanding. Through design-based projects students are able to think creatively, solve open-ended problems, and develop skills relevant to their future careers. Design projects have been shown to improve understanding and increase material retention, and are also preferred by students. Although the design-based approach may seem like an ideal method for laboratory instruction, it itself also has disadvantages. Because design projects are more demanding, instructors are often limited to assigning five to seven of them per fifteen-week semester, compared to fourteen to fifteen cookbook projects for the same duration. Design projects also risk causing frustration amongst students, and this frustration can lead to decreased motivation and interest in the material.
Finally, the proposal-method goes beyond what the design-based method offers in selfdirected learning experience, and provides the best opportunity for students to gain skills relevant to their future career. Because the proposal-based method is so open-ended, students have the opportunity to investigate topics that interest them. Consequently, proposal-based projects are often the most memorable for the student. The benefits of the proposal-based method are not without consequences, however. Because of the difficulty associated with these projects, many students elect to choose a simple project they can easily complete. Other students may choose to duplicate a project that was completed in the past by one of their peers, or may use the Internet to find detailed instructions.
Proposal-based projects are often assigned toward the end of the semester when students are overwhelmed by projects and finals in other classes. Proposal projects often vary greatly based on the motivation and interest level of the student and this presents challenges for the instructor. It is the instructor's job to review each proposal in detail and make necessary adjustments. Additionally, proposal-based projects are not easily assessed. Due to the variety, these projects do not easily lend themselves to systematic grading. While many students are able to complete their project, it is not always certain how much they have learned. Thus instructors must use effective assessment methods to ensure students understand their designs in detail.
Because of this the proposal-method demands highly experienced instructors. For these reasons the proposal-method is not always suitable for freshman and sophomore level undergraduate courses. It should however be an option for junior and senior level undergraduate courses where students have sufficient background in a topic and also have a higher level of motivation.
Results of the experiment indicated that each method has its own advantages and disadvantages, and no method can become the sole solution for an effective laboratory experience.
In conclusion, the authors suggest that a combination of all three lab methods be used during a semester for a junior/senior level course. Students can be introduced to material by completing a cookbook project and can work into three to four design-based projects. At the end of the semester a proposal-based project can be used to encapsulate material learned throughout the course and provide students with a memorable experience.
